SYNOPSIS. An individual's existing phenotype is defined by behavioral and structural characters in the context of an ecological environment which is inclusive of both biotic and abiotic factors. Multiple explanations, designated here as mechanisms, life history, fitness, and evolutionary history, can account for the existence of phenotypic characters and their relationships to each other. These explanations can be described pictorially using a Venn-like diagram with three overlapping circles; each circle represents the potential range of variation for each character or the environment. The center of the diagram, a point of overlap in all three circles, is the existing phenotype. Mechanistic explanations establish linkages either between characters or between characters and the environment; they are represented spatially by the overlap between two circles identified here as behavioralecological, behavioral-structural, and ecological-structural mechanisms. Life history explanations incorporate the temporal dimension of an individual's age so that sequences of Venn diagrams would symbolize an individual's entire life history. Fitness explanations identify the relationship of a character, mechanism, life history stage or entire life history strategy to reproductive success and survival. Lastly, explanations based on evolutionary history account for the current phenotype in terms of interactions between characters and ecological environments along the temporal dimension of geological time. Together, multiple explanations contribute to a pluralistic understanding of an existing phenotype, as used in this essay to explain vocalization behaviors exhibited by alternative male reproductive morphs in a teleost fish, the plainfin midshipman, Porichthys notatus.
Ernst Mayr's 1961 article, Cause and effect in biology, recognized two branches of biology, functional and evolutionary. Functional biologists ask "How" questions and study "the operation and interaction of structural elements, from molecules up to organs and whole individuals." Evolutionary biologists ask "Why" questions that identify a phenotype's phylogenetic history which has "been incorporated into the system through many thousands of generations of natural selection." Niko Tinbergen's 1963 essay entitled, On the aims and methods of Ethology, developed a parallel approach to studies in behavioral biology. To Huxley's "three major problems of Biology"-causation, survival value, and evo-1 From the Symposium Animal Behavior: Integration of Ultimate and Proximate Causation presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 26-30 December 1996 , at Albuquerque, New Mexico.
2 E-mail: ahb3@cornell.edu lution-Tinbergen added a fourth, ontogeny. In 1988, Paul Sherman articulated a pluralistic approach to establishing and testing hypotheses to explain variation in existing behavioral phenotypes by consolidating the approaches of Mayr and Tinbergen into the "levels of analysis": functional consequences and evolutionary origins reflected Why questions, mechanisms (inclusive of cognitive and physiological processes) and ontogenetic processes reflected How questions. While the How-Why dichotomy continues to be debated in the behavioral literature, {e.g., Dewsbury, 1992; Reeve and Sherman, 1993; Alcock and Sherman, 1994) , it has received minimal attention from neurobiologists {e.g., Bass and Baker, 1991; Francis, 1995; Jacobs, 1996) . One aim of neuroscience is to establish the contribution of a nervous system to the production of behavior. A central goal of comparative and evolutionary neurobiology should be to establish how phenotypic variation in the operation of the nervous system relates to naturally selected divergence in behavioral phenotypes. The present discussion defines the goals of research programs in evolutionary neurobiology within the larger context of behavioral biology and then incorporates this framework into a research program focusing on the shaping of brain sexuality in alternative male reproductive morphs.
CHARACTERS AND THE ECOLOGICAL ENVIRONMENT
An individual's existing phenotype is defined by behavioral and structural characters that exist within an ecological environment. The term "character," which I consider synonymous with "trait," is modified from Wiley's definition (1981, p. 8) and is "a feature (attribute, observable part) that may be described, figured, measured, weighed, counted, scored, or otherwise communicated by one biologist to other biologists." Behavioral characters are the actions of an individual (see Wiley, 1981, p. 318) . Structural characters include the morphological, physiological, karyological, and biochemical characters of Wiley (1981, p. 318) and proximate mechanisms (genetic, psychological, cognitive, physiological, ontogenetic) of Sherman (1988) and Alcock (1994) . The "ecological environment," a term borrowed from Williams (1966, p. 69) , includes both abiotic and biotic factors that interact with structural and behavioral characters.
EXPLANATIONS
Multiple explanations, designated here as mechanisms, life history, fitness, and evolutionary history, can be provided to account for the existence of characters and their relationships to each other. These explanations can be displayed pictorially by adopting a Venn-like diagram that has three overlapping circles that represent the potential range of variation for behavioral and structural characters, and the ecological environment (Fig. 1) . The center of the diagram is the point of overlap for all three circles and stands for the existing phenotype. Characters outside of the center are variants of Reeve and Sherman's (1993) "phenotype set" that are not expressed by an individual organism. By extension, ecological environments outside of the center are those not inhabited by the current phenotype.
Mechanisms
Mechanism, as used here, refers to an explanation that establishes linkages between characters and the environment. Mechanism does not refer to energy consuming events or processes, like those underlying the generation of an action potential and the secretion of a steroid hormone; here, these would be considered structural characters. Behavioral-ecological, behavioral-structural, and ecological-structural mechanisms are represented spatially in Figure 1 by the overlap between two circles. Mechanisms that appear as wings lying outside of the center of the diagram do not currently exist, whereas the regions of overlap between two circles that are in the center represent existing mechanisms. Each of us utilizes particular disciplinary tools to identify one or more mechanisms that explain a current phenotype. A complete mechanistic explanation for an existing phenotype necessitates answers to questions regarding all three classes of mechanisms.
Behavioral-ecological mechanisms are defined in terms of the interactions of an organism with its abiotic or biotic environment; they do not explain the consequences of those interactions in terms of fitness which is yet another type of explanation (see below). One example of a behavioral-ecological mechanism would be alarm calls that might inform conspecifics of an approaching predator (see Sherman, 1977) . Behavioralstructural mechanisms establish a direct causal relationship between structural and behavioral characters; this would include explanations provided by behavioral neuroscientists or neuroethologists who aim to establish the neural mechanisms of, for example, species-, sex-and individual-specific behavior. Lastly, ecological-structural mechanisms establish "the relation of biological structures to physical force and displacement . .." (Gans, 1974) . This domain of explanations represents a variety of disciplines including biomechanics, ecophysiology, ecomorphology, sensory physiology, and phys- 1. An individual's existing phenotype is defined by behavioral and structural characters that exist within an ecological environment. The relationships between characters and the ecological environment can be described by a Venn diagram which has three overlapping circles; the potential range of variation for each character and the ecological environment is represented by one of the circles. The center of the diagram, a point of overlap in all three circles, represents the existing phenotype. Mechanistic explanations are represented spatially by the overlap between two circles identified here as behavioral-structural, behavioral-ecological, and ecological-structural mechanisms. Fitness explanations can measure an existing character's or mechanism's relationship to reproductive success and survival.
ical biology (see Gans, 1974; Lauder, 1991; Wainwright and Reilly, 1995) .
Implicit to mechanistic explanations is that a character can be either a cause or consequence depending on whether one is establishing explanations that move in a clockwise or counterclockwise direction around the center of the diagram (also see Armstrong, 1991) . For example, while circulating gonadal steroids (structural characters) can be used to explain existing behavioral characters (review: Kelley and Brenowitz, 1992) , behaviors can, in turn, be used to explain circulating steroid levels (e.g., Wingfield et al, 1987; Cardwell and Liley, 1991; Cardwell et al, 1996; Knapp and Moore, 1996) .
Life history
At any one stage of an individual's lifetime, a single Venn diagram represents the existing phenotype. Sequences of diagrams moving along the temporal dimension of age would represent an individual's entire life history (Fig. 2) . Life history is inclusive of the term "ontogeny," in the sense that it represents an individual's entire lifetime (see Tinbergen, 1963) . Ontogenetic processes, such as gastrulation or synapse formation, would be considered structural characters. During an individual's life history, the circles of the diagram can rotate, leading to changes in the mechanisms and characters that define an existing phenotype; this is represented in Figure 2 by the changes from one stage to the next in the degree of hatching in areas of overlap between circles which lead to changes in the shading of the center, i.e., the existing phenotype.
Implicit to life history explanations is that trade-offs between characters, such as Explanations based on life history incorporate the temporal dimension of individual age. The circles of the Venn diagram can rotate during an individual's life history, leading to changes in the mechanisms and characters that define an existing phenotype. This is represented by the changes between stages in the degree of hatching in areas of overlap between circles which extend into the center of the diagram and hence changes in its shading, i.e., the existing phenotype. Fitness explanations can also be provided for an existing life history stage or sequence of stages, i.e., life history strategy.
age and size at sexual maturity, shape the existing phenotype (for extended discussion, see Stearns, 1992) . Trade-offs, as used here, are inclusive of "developmental constraints" (Maynard Smith et al, 1985) which may be distinguished as either "disruptive developmental processes" or "lack of genetic variation" (Reeve and Sherman, 1993, p. 22) .
Fitness
Measures of fitness explain the existence of characters and their interactions in terms of their linkage to reproductive success and survival. These relationships are shaped by natural selection, considered here to be inclusive of sexual selection (Endler, 1986) . Fitness explanations can be provided for a single character or mechanism (Fig. 1) . For example, Andersson and Iwasa's (1996) "mechanisms of sexual selection" represent a fitness explanation (sexual selection) for existing characters that "improve success in fights, such as large size, strength, weaponry, agility or threat signals" and for existing behavioral-ecological mechanisms involving interactions between organisms such as the "production of mating plugs or other means of preventing rivals from copulating with the mate." Fitness explanations can also be applied to a single life history stage or an entire life history strategy which describes all of the transformations in an existing phenotype that arise from rotation of the three circles of the Venn diagram during ontogeny (Fig. 2) . For example, one can explain the existence of divergent life history strategies in male and female hermaphroditic fishes in the context of fitness (see Warner, 1988) .
Evolutionary history
Explanations based on evolutionary history describe an existing character, mechanism or life history in terms of past and present interactions. Here, the temporal dimension is geological time and sequences of Venn diagrams would represent past, present, and future interactions (Fig. 3) . While the circles of the diagram rotate within a generation during an individual's life history, they rotate between generations during evolutionary history. Hence, in Figure 3 , changes in the degree of shading represent phenotypic changes shaped by the interactions between characters and the ecological environment in past, present and future generations.
Information about ancestral interactions are often gleaned from existing phenotypes, especially for behavioral and neurobiological/endocrine characters where in general there is no fossil record. A battery of new molecular techniques, that for example are used to establish patterns of gene expression in the nervous system or construct cladograms, has led to a resurgence of the use of historical explanations to explain existing phenotypes on the basis of degrees of similarity (e.g., see Gilland and Baker, 1993; Meyer, 1993) .
ALTERNATIVE MALE VOCAL PHENOTYPES
I will now place my laboratory's studies of alternative male phenotypes in the plainfin midshipman, Porichthys notatus, into the context of Figures 1-3 . P. notatus has two classes of males, types I and II, defined by a distinct suite of characters and mechanisms (review: Bass, 1996) . These studies have focused on How and why do midshipman vocalize? and How and why do alternative male morphs produce different vocalizations! The examples presented here are simply meant to show how the pluralistic approach outlined in the previous section of this essay may be used by evolutionary neurobiologists in asking phenotypic existence questions. This section of the essay is not meant to provide a comparative review of vocalization behaviors or mechanisms among teleost fishes; these can be found elsewhere (e.g., Fine et al., 1977; Myrberg, 1981; Bass, 1997; Bass and Baker, 1997; Ladich, 1997) .
Behavioral characters and the ecological environment
Descriptions of behavioral characters and ecological environments are meshed together since individual behaviors are often defined in the context of abiotic (e.g., available nesting sites) and biotic (e.g., interactions with conspecifics) factors. Midshipman establish nests under available shelters near the shoreline along the western coast of the United States and Canada (Walker and Rosenblatt, 1988) . Only sexually mature adults, embryos and newly hatched fry are found in nests (see Bass, 1996) . Nonreproductive juveniles ranging in age from 5 to 12 months are only found in eel grass beds; adult morphs are infrequently located there (see Bass and Andersen, 1991; Brantley and Bass, 1994; Bass et al., 1996) . Types I and II males have distinct mating tactics and vocalizations (Brantley and Bass, 1994 ; also see Ibara et al., 1983; DeMartini, 1990) . Type I males acoustically court females (see below). Once a female decides to remain in a nest, spawning ensues as she deposits eggs singly in a monolayer on the roof of the nest; eggs have never been found outside of a nest. Type II males lie perched outside of, or sneak into, a type I male's nest and shed sperm in an attempt to compete with the type I male for fertilizations; neither type II males, nor females, build nests or guard eggs.
Type I and II males are probably polygynous; a single nest may contain several thousand eggs even though a gravid female may produce only up to 150-200 eggs each breeding season (DeMartini, 1990) . Available surface area is influenced by the presence of several species of invertebrates (DeMartini, 1991) . Females apparently spawn their entire clutch of eggs in a single nest and then depart (Brantley and Bass, 1994) . Nests may contain more than one parental male (DeMartini, 1988) .
Midshipman generate several types of vocalizations during the breeding season (Brantley and Bass, 1994; Lee and Bass, 1994) . Nesting type I males generate trains of short duration (~150 msec) "grunts" at intervals of about 400 msec. Type I males also produce long duration (minutes to over I hour), sinusoidal-like calls first designated as "hums" by Ibara and colleagues (1983) . The fundamental frequency of midshipman hums is close to 90-100 Hz. Type II males, like females, do not produce grunt trains or hums, but infrequently generate low-amplitude, isolated grunts in nonspawning contexts. More recently, a third class of vocalizations, "growls," were identified that are intermediate in structure between grunts and hums; their role in spawning or non-spawning contexts has not been identified (Lee and Bass, 1994) . Bass and Marchaterre (1989a, b) first described two male morphs (term adopted from West-Eberhard, 1986) in midshipman using a suite of morphological characters: body mass and length, relative gonad and swimbladder weight (both corrected for body weight), sonic muscle dimensions, and motoneuron soma diameter. Type I males, compared to type II males, are twofour fold larger and have a swimbladder to body weight ratio that is on average 50% greater. Type II males have a gonad to body weight ratio (gonosomatic index, GSI) that is nine times greater than that of type I males. Type II males overlap adult females in body and swimbladder size and in having a large GSI; there is no structural evidence for sex reversal. The vocal organ of midshipman consists of a pair of sonic muscles attached to the lateral walls of their swimbladder. The sonic muscle of type I males is larger in mass, has more muscle fibers, and has myofibrils with a distinct ultrastructure including a more highly branched sarcoplasmic reticulum and Z-lines that are 20 times wider than those of type II males and females.
Structural characters
In addition to gross differences in swimbladder size, sex-and morph-specific vocal behaviors are paralleled by a divergence in many other vocal motor characters ranging from the metabolic properties of the sonic muscles to the rhythmic firing properties of vocal neurons (Bass, 1992 (Bass, , 1996 Walsh et al., 1995) . Most important for this discussion, intracellular recording and staining studies identified a vocal pacemaker-motoneuron circuit in the caudal hindbrain and rostral spinal cord Baker, 1990, 1991) . Pacemaker neurons establish the firing rate of synchronously active motoneurons. If the sonic pacemaker-motoneuron circuit generates action potentials at a frequency of 100 Hz, then: (1) the motor volley conducted by sonic nerves to the sonic muscles has a periodicity of 100 Hz and (2) both sonic muscles will contract simultaneously at 100 Hz (see Cohen and Winn, 1967 for muscle data). The fundamental discharge frequency is 15-20% higher in type I males compared to type II males and females.
In summary, studies of the behavioral and structural characters, and the ecological environment, of sexually mature midshipman fish have shown that: (1) Type I males have a suite of behavioral and structural characters distinct from those of type II males and females. (2) Reproductive maturation is not obligatorily linked to the expression of vocal, secondary sex characters: sexual maturation of type II male or female morphs is not coupled to the expression of type I male-specific vocal traits. (3) Type II males and females have similar GSIs, circulating androgen levels and vocal motor characters; they are also similar in that they do not provide parental care or build nests.
Behavioral-structural mechanisms
One mechanistic explanation for sex-and morph-specific vocalizations in midship-man fish is embodied in the neuroethological approach and is provided by a determination of how neurons (structural characters) determine the physical attributes of communication signals (behavioral characters). The vocal motor system of teleost fishes such as midshipman has provided a powerful model for such studies because the fundamental discharge frequency of the pacemaker-motoneuron circuitry directly establishes the fundamental frequency of vocalizations (also see above). That is, if the discharge frequency of the pacemaker circuit is 100 Hz then the fundamental frequency of the vocalization is 100 Hz. A sex-and morph-specific divergence in fundamental discharge frequency of the pacemaker-motoneuron circuit matches the divergence in the fundamental frequency of vocalizations Baker, 1990, 1991; Brantley and Bass, 1994) . Hence, a mechanistic explanation for sex-and morph-specific behaviors is that the physical attributes of vocalizations (behavioral characters) are directly established by the rhythmic, patterned output of a hindbrain pacemaker-motoneuron circuit (structural characters).
Ecological-structural mechanisms
An alternative mechanistic explanation for sex-and morph-specific vocalizations is the effects of ambient water temperature (abiotic ecological environment) on the firing frequency of the central vocal motor circuit (structural characters). Since the discharge rate of the vocal motor circuit varies directly with water temperature (Bass and Baker, 1991) , recordings of sounds from individuals at different ambient temperatures could mislead one to conclude that type I and II male vocalizations have different fundamental frequencies. This explanation has been excluded by studies showing that sex and morph-specific differences in the central discharge frequency Baker, 1990, 1991) and the fundamental frequency of vocalizations (Brantley and Bass, 1994) are consistent at all temperatures.
Behavioral-ecological mechanisms
A third mechanistic explanation for morph-specific vocalizations (behavioral characters) is that they are shaped by the interactions of individuals with one another (biotic ecological environment). Current evidence supports this explanation. Observations of captive populations of nesting type I males, together with playbacks of natural or computer-synthesized acoustic signals through underwater loudspeakers, show that type I male hums, and not grunts, can attract females to a nest (Brantley and Bass, 1994; McKibben et al, 1995) . By contrast, grunt trains apparently function in an agonistic context and are generated by eggguarding type I males when their nest residency is challenged by other males (Brantley and Bass, 1994) .
Neighboring type I males also hum concurrently to produce acoustic beats at frequencies equivalent to the difference in fundamental frequencies between participating males; difference frequencies range from 2-10 Hz (Bodnar and Bass, 1997) . The possible role of acoustic beats in male-male competition or female choice has yet to be determined.
Life history
The divergence in adult patterns of vocal behaviors and neurobiological characters and mechanisms among males and females might also be explained by morph-specific life histories. We have principally identified the sequence of events leading to the maturation of vocal motor neurons and behaviors. The available data suggest that hums are first generated by type I males at the time of sexual maturity, their expression being dependent, in part, on the maturation of type I male-specific vocal motor characters that can support long duration humming. Developmental studies demonstrate alternative, maturation-related growth trajectories for vocal neurons and muscles (Brantley et al, 1993a; Bass et al., 1996) . Although type I males, type II males and females overlap in age, type II males and females become sexually mature at an earlier age and smaller size . Early maturation in type II males and females is paralleled by the maintenance of a growth pattern for vocal neurons and muscle that is typical of juveniles. By contrast, a delay in maturation for type I males is linked to an exponential-like growth of the vocal motor system. Type I and II males and females also have contrasting levels of androgenic and estrogenic steroids (Brantley et al., 1993&) . The endocrine system is proposed to mediate the adoption of a type I male vocal growth trajectory via the developmental influences of gonadal steroid hormones. Androgens can induce growth of vocal neurons and muscles (Brantley et al., 1993c; Marchaterre et al, 1995) . Although juveniles are not known to vocalize, they can generate a rhythmic vocal motor discharge at the fundamental frequency characteristic of type II males and females; androgenic steroids can also induce an elevation of their discharge frequency to that characteristic of type I males (Bass, 1995) .
The results support the hypotheses that: (1) alternative male morphs in midshipman fish adopt mutually exclusive growth patterns for their vocal motor system during their first year of life, and that (2) the adoption of alternative developmental trajectories is mediated, in part, by the influences of steroid hormones. Although we do not know if each male morph is genetically determined, preliminary studies suggest an environmental influence, namely population density, on the proportion of type II and type I males in a population (Foran and Bass, 1996) .
Fitness
Explanations for an existing phenotype may also be provided in terms of fitness. Although several models have addressed the reproductive success of alternative male morphs (see Gross, 1996) , we do not know if there is a consistent relationship between midshipman male morphs and fitness. However, the available data for midshipman indicate that the maintenance of acoustic courtship behavior and the related characters, mechanisms and life history strategy among type I males is linked to their efforts to gain sole access to fertilizations. A major fitness-related benefit for type I males from delayed maturity would be growth of a vocal motor system that generates vocalizations that attract females to nest sites and warn other males against intrusions. Among the principal costs for type I males in delaying maturity are structural investment in vocal motor characters. By adopting early maturity, type II males essentially forego direct competition with type I males to establish nest sites and structural and behavioral investment in the type I male tactic of acoustic courtship (see Stearns, 1992 for an extended discussion of the costs and benefits of early vs. late maturation).
For some teleosts, there is a correlation between male body size and fundamental frequency of a call (e.g., Myrberg et al., 1993) . While hums can clearly function as advertisement calls to females (McKibben et al., 1995 ; also see Ibara et al., 1983) , there is no apparent relationship between male body size and the fundamental frequency of vocalizations (see Bass and Baker, 1990 ; A. O. Lee and A. H. Bass, unpubl. observation) .
Evolutionary history
As with life history explanations, our evolutionary historical explanations have also focused on vocal motor neurons and behaviors. A number of studies have now provided explanations for existing vocal motor phenotypes based on comparative studies of structural characters, namely vocal motor pathways in the brain and of sonic musculature (Bass, 1989 (Bass, , 1997 Baker, 1991, 1997; Ladich and Bass, 1996) . For example, Bass and Baker (1997) proposed that the pacemaker circuitry controlling sound production among teleosts and tetrapods share a common origin from segments (rhombomeres) 7 and 8 of the embryonic hindbrain. The available data for extant vertebrates suggest that rhombomeres 7/8 give rise to neurons that innervate a diversity of sonic muscles derived from occipital somites; this would include the laryngeal, syringeal, and sonic swimbladder muscles of teleosts and tetrapods. Bass and Baker (1997) further proposed that the rhythmic vocal circuitry derived from the caudal rhombomeres reflects an early historical commitment of these rhombomeres to the ontogeny of circuitry establishing a variety of rhythmic behaviors ranging from electrogenesis in teleost fish to the eye movements and control of car-diovascular and respiratory pumps common to all vertebrates.
As regards the evolutionary history of behavioral characters, comparative data suggest that the type I male pattern of parental care, namely substrate-guarding of a nest and fertilized eggs, is ancestral for batrachoidids (which includes all "toadfishes") and more generally teleosts that display external fertilization (see Gross and Sargent, 1985; Blumer, 1982; Brantley and Bass, 1994) .
CONCLUDING COMMENTS
As Sherman (1988) emphasizes, there can be multiple answers to questions about why traits exist and how they function. In this essay, I have utilized a pluralistic approach to provide multiple explanations for the existence of alternative male vocal phenotypes in a teleost fish. In particular, the stereotyped vocalizations and well defined vocal motor circuit of the hindbrain has permitted us to ask a diversity of questions regarding the How and Why of vocalizations in teleosts. While the neural bases of other reproductive-related, non-vocal, behaviors may not be as well delineated, the same research paradigm can be used to explain the existence of two male reproductive morphs in other teleosts. For example, sex/role reversal among hermaphroditic teleosts has been explained in terms of mechanisms {e.g., Bass, 1993 and Warner, 1988) , life history {e.g., Shapiro, 1992) , fitness {e.g., Warner, 1988; Taborsky, 1994) , and evolutionary history {e.g., Ross, 1990) . Indeed, a parallel approach can be taken to explain inter-and intrasexual divergence in a wide range of animal societies (Gross, 1996) .
Finally, a pluralistic approach should encourage neuroscientists, as it has already done so for many animal behaviorists, to both provide and accept multiple, complementary explanations for the evolution of existing behavioral and structural characters within the context of the existing ecological environment.
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